This paper presents a new method that complements current techniques available in the highfrequency blood imaging field. A comprehensive scattering model was established to determine the feasibility and frequency range of the blood flow imaging of superficial organs and tissues using high-frequency ultrasound. The transmitting and receiving modes and an algorithm were designed to obtain blood flow information based on differentiation between tissues and blood flow. The system was created and tested first with a model that simulates blood flow and was then used on human tissue. A fine-scale image of a blood vessel could be obtained with this system. Moreover, this method can obtain weak blood flow signal using single pulse rather than the traditional pulse-code method and maintains a high resolution that can be matched to high-frequency structural imaging. This study provides a reliable method for further applications related to diagnoses of superficial organs.
Introduction
Ultrasonic blood flow imaging technology provides real-time visibility into tissues and their surrounding blood supply. Thus, this approach is clinically used as a reliable method for the early diagnosis of diseases of blood vessels, skin, and tumors, as well as for tests of visceral functions. [1] [2] In recent years, high-frequency ultrasound imaging (HFUI) technology has dramatically extended its range of applications. Diagnosis has been achieved at a quantifiable level in the field of dermatology. 3 In the field of ophthalmology, diagnosis of intraocular and orbital tumors, corneal diseases, and so on has also been made possible. 4 HFUI technology has also been applied, but is not limited, to the diagnosis of thyroid diseases, breast cancer at its early stage, and abdominal aortic flow imaging. [5] [6] Ultrasonic flow imaging techniques are generally divided into two major categories-Doppler flow imaging and gray-scale blood flow imaging (B-flow imaging). Both imaging techniques obtain blood flow images based on differentiation between blood and its surrounding tissues. 7 Doppler ultrasound is a classic imaging technique that obtains blood flow information through spectral analysis of Doppler frequency shifts generated by blood flow. 8 Meanwhile, gray-scale blood flow imaging utilizes the characteristic that tissue remains stationary compared with blood flow which is nonstationary, thereby improving the signal to noise ratio (SNR) with a pulse encoder. 9 Even though the Doppler flow imaging and gray-scale blood flow imaging methods boast broad clinical applications, they have their respective advantages and limitations. The Doppler method has the shortcomings of limited imaging angle, frequency aliasing, and poor resolution for small vessels. 10 On the contrary, the ultrasound frequency of gray-scale blood flow imaging is limited by the pulse-encoding hardware, which directly affects the resolution of this imaging modality. 11 Improved resolution with high-frequency ultrasound was achieved in another study utilizing autocorrelation and overlapping resolution cells; however, that method is time-consuming. 12 Therefore, we designed a simple and angle-independent gray-scale blood flow imaging method, sampling multiple times in the same region of interest, and then subtracting two temporally adjacent images to cancel out the image of stationary tissues, thus leaving only the blood flow image.
Materials and Methods

Theoretical Derivation
The working principle of high-frequency ultrasound gray-scale blood flow imaging is similar to that of B-mode ultrasound, which generates a pulse via an ultrasonic transducer and receives the reflected echo signals that contain tissue information. With controlled transducer position changes, multiple lines of echo signals are received, and then a two-dimensional cross-sectional image can be reconstructed and displayed in gray-scale on the screen. For high-frequency ultrasonic imaging, a high tissue attenuation coefficient comes with the high resolution; this has always been a trade-off situation. Thus, whether it is possible to receive an echo from blood constitutes one of the premises of this study.
When blood flows are tested with high-frequency ultrasound, echo signals can mainly be generated in the sampling region from back-scattering of red blood cells (RBC), which constitute one of the main components of human blood. A healthy RBC is a disc-shaped cell with an average radius of ~3.5 µm and thickness of about 2 µm, and the model makes the approximation of treating the RBCs as spherical scatterers. Rayleigh scattering theory applies when the average radius is far less than the ultrasound wavelength. According to the Rayleigh scattering formula, the scattering coefficient of a single RBC T s can be estimated as follows: 13
where I S is the intensity of the scattering beams, I i is the intensity of the incident beam, a is the radius of the scattering object, θ is the angle between the incident beam and scattering beam, f is the frequency of the wave, c′ is the speed of sound in an RBC, c is the speed of sound in its surroundings, ρ′ is the RBC density, and ρ is the density of its surroundings. Based on this theory, ka ≤ 0.5 meets the Rayleigh scattering criteria. Thus, from Equation (2), the frequency that meets this specific setting is f ≤ 34 MHz.
Considering that ultrasound waves attenuate due to scattering and absorption effects, the attenuation can be quantified as follows: 14
where I 0 and I represent the intensities before and after traveling through media, respectively, α is the attenuation coefficient (NP/cm), and x is the distance the ultrasound has traveled. The attenuation coefficient α differs among different types of human tissue and tends to increase as the frequency grows. The attenuation coefficient is commonly considered as follows:
where B is the attenuation coefficient at 1 MHz, and n is the power. It has been experimentally confirmed that among all human tissues except for the skeleton and lung tissues, the power ranges from 0.6 to 1.4. 6 When the intensity of the incident beam at sound source is I 0 , the intensity received at the source from tissue scattering at depth L can be derived from the equations mentioned above as follows:
A logarithmic curve of the frequency-dependent I/I 0 at 1 mm, 2 mm, 4 mm, and 6 mm then can be calculated from Equation (7) (see Figure 1 ). The medium within 1 mm would be the skin, thus B = 0.4 and n = 0.6 are used, while for other depths, averaged values of soft tissue B = 0.1 and n = 1.1 are chosen. 6 Figure 1 shows that, theoretically, at small penetration depths, the back-scattered echo of RBCs is enhanced by increasing the frequency at a certain range (e.g., when L ≤ 4 mm, f ≤ 18 MHz). At the same depth (e.g., when L = 2 mm), the echo signal of superficial organs when f = 30 MHz is stronger than when f = 10 MHz. As the depth increases, the inflection point of the curve shifts toward the low-frequency direction, which suggests that attenuation becomes the major factor that affects the back-scattering echo. The frequency range (above 34 MHz) in Figure 1 is used only for reference because f > 34 MHz, where Rayleigh scattering no longer applies.
It is difficult to apply traditional flow imaging techniques at high frequencies, which often require pulse-coding compression techniques or filtering algorithms to extract weak flow information. 15 Considering ultrasound attenuation by tissues and the fact that under certain conditions, ultrasound back-scattering by RBCs at higher frequencies is obviously stronger than at lower frequencies, we can still obtain the desired echo of blood flow scattering using single-pulse imaging rather than coding technology to increase the SNR. The above analysis will provide a solid foundation for gray-scale blood flow imaging (B-flow imaging) of superficial blood vessels at high frequencies.
Signal Processing Method
According to the theoretical analysis, it is possible to achieve blood flow imaging at high frequency using a single-pulse imaging technique. In this paper, a simple subtraction-based image processing technique is introduced to high-frequency blood flow imaging. Unlike traditional techniques, high-frequency ultrasound is used in superficial imaging with a short echo time. Therefore, echo signals can be processed on each sampling line to obtain blood flow information. Moreover, methods of sampling and subtraction are used multiple times to enhance the correlation with velocity. This algorithm can be described as follows: 
where P Line is the echo received containing the information of the scanning line, N is the number of repetitions, and ΔPt and ΔPb represent the echo differences between different sampling times for tissue and blood, respectively. When the scanning time is very short, tissue can be considered stationary, thus ΔPt ≈ 0. Equation (8) can then be simplified as follows: 
Blood flow information can be calculated with Equation (11), and its value is positively correlated with the sampling repetitions N, as well as the echo difference of the blood ΔPb. A multiplying factor of k is introduced to enhance the strength of the signal further.
Hardware Design
In the process of high-frequency blood flow imaging, assume that the acquired image has m scanning lines. When acquiring information on each line, N single-pulse waves are transmitted continuously at equal intervals, and the corresponding echo A jN is then received (see Figure 2) ; j is the current scanning position, with values of 1, 2, 3, . . . ,m. The schematic in Figure 2 shows that the high-frequency ultrasonic transducer moves in a certain direction. Starting from the position A 1 (j = 1), the first pulse is transmitted, and the corresponding echo A 11 is received. Without moving the transducer, a second pulse is transmitted in the same position, and the echo A 12 is received. This process repeats until the Nth echo, when A 1N is received. Assume that the time taken is T 1 ; then the transducer moves to the next position A 2 (j = 2), and the same procedure is conducted. The process is completed once the transducer reaches the position A m , at which time the blood flow information for one frame is acquired. The block diagram of this system is illustrated in Figure 3 , comprising an echo receiving channel, multiplexer switches, a set of FIFO (First in First Out) memory, as well as subtractors and adders. When sampling, the FIFO controller controls the multiplexer switch and saves N groups of information into FIFO 1~ FIFO N. After the Nth storage is completed, all data are read, and the algorithm described in Equation (11) is executed by the subtractor and adder. This equation can be further specified as follows:
A =| A -A |+| A -A |+L+| A -
where A j represents the jth scanning line, and the algorithm stores A j by moving the pointer. After scanning from A 1 to A m , a gray-scale blood flow image can be reconstructed. The method mentioned above using single-pulse imaging maintains the original tissue information and the resolution (maintained high spatial resolution of blood flow and original tissue). Every scanning line is composed with N echo information. Thus, the frame time taken will be T = T 1 + T 2 + . . . + T m . Assuming that each pulse has the same transmitting time, t, one frame image will take T = m × N × t. The real number of scanning lines m needed is usually at least 500 to maintain spatial resolution. A larger N can effectively increase SNR of the blood flow signal; however, artifacts would be introduced by the minor movement of the probe and/or tissue because of the longer acquisition time. Thus, N is set between two and eight.
Experimental Setup
A high-frequency ultrasound gray-scale blood flow imaging system was created to conduct the experiment (see Figure 4) . The system consists of a pump with a controllable flow rate, medicalgrade silicone tubes, and a 6% cornstarch suspension that simulates the blood circulation system. The image acquisition system includes the high-frequency ultrasonic probe, acquisition circuit, and image processing software (see Figure 4) .
A cornstarch suspension is used because its particles are within the range of 7 to 10 µm in diameter, 16 which is close to the RBC diameter. Studies have suggested that this suspension is suitable for simulating blood flow for early stage experiments. Medical-grade silicone tubes with nominal internal diameters of 1 mm and 0.3 mm were selected to simulate human blood vessels. The system uses a 20-MHz single-element ultrasonic probe with a focal length of 14 mm and aperture of Φ5 mm for the transducer, and the number of repetitions N is set to 4 with a 50-µs interval. The probe is driven by a step motor, and data are collected only in one direction of its movement. There are 800 lines per frame, so the frame rate is approximately 3 frames per second (fps). The lateral dimension of the B-scan is 14.5 mm. The dynamic range of the gray scale of the images is 48 dB (8 bits) , and at the focus of transducer, the ISPTA.3 (Attenuated spatial-peak temporal-average intensity) is 625.56 mW/cm 2 and MI (mechanical index) is 1.09 (hydrophone: ACERTARA model 805; Acertara, Inc; Longmont, CO). These values are similar to those of clinically used ultrasound imaging systems. These power levels were used in all the experiments.
Results
Blood Flow Imaging Simulation
The acquired blood flow image is shown in Figure 5 . The bright region forms a finely resolved blood vessel shape, while the signal from static tissues is weak. In addition, no artifact is displayed. The diameter of the tube was measured with a digital microscope, which showed a value of 1.16 mm. The same tube measured on ultrasound imaging showed a value of 1.17 mm (Figure 5a ). Figure 5(b) shows the results for a 0.3-mm silicone tube.
According to Equation (11) , when N is constant, the resulting image is associated with ΔPb. To further explore the characteristics of the gray-scale image at different blood flow velocities, another experiment using selected velocity information is shown in Table 1 . In this experiment, eight different velocities were selected and imaged with the high-frequency ultrasound equipment mentioned above. Note that the probe scanning direction was parallel to the flow direction. Figure 6 shows the images (corresponding to Table 1 , a to h). The gray value of each pixel is visualized by the visual brightness of the blood flow images. Because an 8-bit (analog to digital converter) ADC was used in the ADC acquisition device, the gray values ranged from 0 to 255. Table 1 a~h) are shown in Figure 7 and can be visualized in Figure 6 , in which the blood flow image becomes increasingly bright. However, when the velocity exceeds 51.9 cm/s (see Figure 6g and h), the brightness of the vessel reaches its limit, that the signals obtained are fully decorrelated, and will not increase further with the flow rate.
In Vivo Blood Flow Imaging
When considering the morphological diversity of RBCs and the impact from the constant movement of their surrounding tissues, imaging becomes more complicated under in vivo circumstances (see Figure 8 ). This in vivo experiment was conducted on the back of the author's hand, with the same parameters. Figure 8(a) shows the original 20 MHz B-mode scanning image, where the tissue area is well-resolved with a clear edge, while the blood vessel (approximately 2~4 mm under the skin surface) is dark with a weak echo, so that blood flow cannot be visualized in this image. Figure 8 (b) shows the gray-scale blood flow image acquired using the described method. Highlighted blood flow information is presented with clear details, but no artifact or "color overflow" is visible as with color Doppler flow imaging. It should be noted that at the lower part of the image, an artifact is present due to the lower SNR caused by the attenuated signal.
Conclusion
This paper presents a high-frequency ultrasonic blood flow gray-scale imaging method, leveraging the differentiation of ultrasonic echo signals from flowing blood and tissues to enhance the echo information from weaker blood flow while maintaining the original resolution of HFUI. Unlike traditional imaging techniques, this method uses only a single pulse a few times to obtain blood flow echo, which not only maintains most real information for the image but also unleashes operations from restrictions on imaging angle and the complicated processes of coding and decoding. Our experiment proves that this method offers visibility into small blood vessels of 0.3 mm diameter and shows that the image brightness is positively correlated with the change of blood echo signals within a certain range when the pulse repetition time remains the same.
This innovative imaging technique has the potential to detect the blood supply to superficial organs of some finely structured organisms. Although it is limited by the inability to obtain vector information of blood flow, the technique has the advantages of high-resolution, real-time imaging and freedom from aliasing. These advantages will help improve the diagnosis of diseases and deliver a broader range of applications across more fields when combined with traditional imaging techniques such as Doppler color ultrasound. 
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